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Ab initio study of metal carbide hydrides in 2.25Cr1Mo0.25V steel 

Min He,a Chidozie Onwudinanti,b Yaoting Zheng,c Xiaomei Wu,a Zaoxiao Zhang*a and Shuxia Tao*d 

2.25Cr1Mo0.25V is the state-of the-art alloy used in the fabrication of modern hydrogenation reactors. Compared to the 

conventional 2.25Cr1Mo steel, 2.25Cr1Mo0.25V steel exhibits better performance, in particular higher hydrogen damage 

resistance. Previous experimental studies indicate that carbides in steels may be responsible for the hydrogen-induced 

damage. To gain a better understanding of the mechanism of such damage, it is essential to study hydrogen uptake in the 

metal carbides. In this study, Density Functional Theory (DFT) is used to investigate the stability of chromium, molybdenum 

and vanadium carbides (CrxCy, MoxCy and VxCy) in 2.25Cr1Mo0.25V steel. The stability of their corresponding interstitial 

hydrides was also explored. The results showed that the Cr7C3, Mo2C and V6C5 are the most stable carbides in their respective 

metal-carbon (Cr-C, Mo-C and V-C) binary systems. Specifically, V6C5 shows the strongest hydrogen absorption ability 

because of the strong V-H and C-H ionic bonds. On the other hand, V4C3, whose presence in the alloy was established in 

experimental studies, is predicted to be stable as well, along with V6C5. Our finding indicate that the hydrogen absorption 

ability of V4C3 is higher than that of V6C5. Additionally, the charge and chemical bonding analyses reveal that the stability of 

the metal carbide hydride strongly depends on the electronegativity of the metal. Due to the high electronegativity of V, 

vanadium carbides form the strongest ionic bonds with hydrogen, compared to those of Mo and Cr. Rresults from this study 

suggest that the unique capacity of accommodating hydrogen in the vanadium carbides plays an important role in improved 

hydrogen damage resistance of 2.25Cr1Mo0.25V alloy in hydrogenation reactors.

1 Introduction 

A hydrogenation reactor is a crucial component of a number of 

chemical and petrochemical production processes. It is widely 

used in hydrofining, catalytic hydrogenation and catalytic 

cracking units. The working conditions often entail high 

pressure, high temperature and a hydrogen-rich atmosphere. In 

such a harsh environment, hydrogen-induced cracking and 

failure of materials is a common problem. This not only affects 

the operating safety of hydrogenation reactor, but also has a 

great influence on the operating stability of other high-pressure 

equipment in the system. Various alloys have been designed for 

various specific operation conditions1-3. For example, austenitic 

stainless steels such as 304, 316, and 316L are generally used in 

the fabrication of hydrogen storage systems, and high strength 

steels such as Cr-Mo and 4130X steels are commonly used in 

high-pressure hydrogen vessels and pipelines. Hydrogen-

induced cracking, caused by hydrogen-induced degradation of 

the mechanical properties, is one of the most common failure 

modes of these steels4, 5. Ductile-brittle fracture transition is a 

typical phenomenon for hydrogen embrittlement of steels in 

mechanical testing6, 7. Therefore, it is important to understand 

the reaction mechanism of hydrogen with the alloys. 

2.25Cr1Mo is the most common alloy used in hydrogenation 

reactors in the last century8. However, with the aim of 

improving the production process, the working conditions of 

hydrogenation reactors have become harsher, and the material 

performance of 2.25Cr1Mo does not meet the requirements of 

new production processes9. Therefore, 2.25Cr1Mo0.25V has 

come to replace 2.25Cr1Mo, as it exhibits better high-

temperature strength, creep resistance and hydrogen corrosion 

resistance. Experimental results showed that the hydrogen 

diffusivity in 2.25Cr1Mo0.25V is lower than in 2.25Cr1Mo steel, 

however, the hydrogen solubility is higher. It has been reported 

that the hydrogen-induced cracking modes of these two alloys 

are completely different10-12. Studies have found that hydrogen 

can be trapped by carbides and dislocations in the vanadium-

modified alloy, resulting in coarser carbide grains in 

2.25Cr1Mo0.25V steel13, 14. This indicates that the mechanisms 

of hydrogen influence in these two alloys are different, and 

carbides may play a significant role in improving hydrogen 

resistance of the vanadium-modified alloy. Although 

experiments indicate different mechanisms of hydrogen 

reaction with the two alloys, the interaction mechanism of 

hydrogen with the alloys at the atomic level is still unclear. 

It is well established that chromium, molybdenum and 

vanadium are carbon-stable elements, and therefore tend to 

form carbides. Existing experimental results show that there are 

many forms of carbides in 2.25Cr1Mo0.25V steel. MC, M2C, M3C 

and M7C3, etc.14-16 (where M = metal element) were found 
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under different tempering treatments using transmission 

electron microscopy (TEM) and energy dispersive spectroscopy 

(EDS), with V and Nb in MC, Mo in M2C, Fe in M3C, and Cr and 

Fe in M7C3. Furthermore, experimental results showed 

hydrogen diffusivity and solubility tobe different in 2.25Cr1Mo 

and 2.25Cr1Mo0.25V. Lee17 found, via slow rate tensile testing 

and thermal desorption spectrum analysis, that the role of 

vanadium carbides in hydrogen embrittlement resistance is 

different from that of chromium carbides and molybdenum 

carbides. The mechanism of vanadium carbide resistance to 

hydrogen embrittlement is by trapping hydrogen atoms, but 

that of chromium and molybdenum carbides is by inhibiting 

hydrogen atoms. Similarly, Chen et al18 used atom probe 

tomography (APT) to investigate the distribution of hydrogen 

atoms in ferritic steel, and they were found to be trapped in 

vanadium carbides. The above analysis indicates that despite 

the fact they are the same class of compounds, the mechanism 

of hydrogen resistance of various carbides can be very different. 

Due to the difficulties in characterizing the atomic structure of 

such complex alloys experimentally, understanding the 

different interaction behaviours between hydrogen and various 

carbides remains challenging.  

With the aim of explaining the stability of metal carbides and 

their influence on hydrogen embrittlement resistance, Density 

Functional Theory (DFT) was applied to investigate the stable 

structures of each M-C binary system, and compare hydrogen 

absorption ability of the preferred carbides. This study focuses 

on the behaviours of the possible carbides (CrxCy, MoxCy and 

VxCy) in 2.25Cr1Mo and 2.25Cr1Mo0.25Vsteel. We compare 

our calculations with existing experimental results, and discuss 

the structural stability of different carbon vacancies arranged in 

various types of carbides and their hydrogen uptake capacity. 

To understand the trends, one of the most stable structures, 

M4C3 (M=Cr, Mo, V), was used to compare the chemical bonding 

in the different carbides. Our results indicated that the stability 

of the metal carbide hydride strongly depends on the 

electronegativity of the metal. Due to the high electronegativity 

of V, vanadium carbides form the strongest ionic bonds with 

hydrogen, compared to those of Mo and Cr. 

2 Methods 

The calculations were carried out using DFT and implemented 

in the Vienna Ab-initio Simulation Package (VASP)19. Exchange 

correlation was corrected by the generalized gradient 

approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)20. For 

the M-C binary system, convergence tested on the key 

parameters of each structure are preformed, such as lattice 

parameters, kinetic energy cutoff, and k-mesh, which are all 

listed in Table S1. The calculated lattice constants of Cr, Mo and 

V are 2.85 Å, 3.16 Å and 3.00 Å, respectively. These calculated 

results agree well with the corresponding experimental results, 

2.88 Å, 3.15 Å and 3.02 Å21-23. Magnetic state of Cr and V may 

play a role in determine the thermodynamics properties of 

these metals. Therefore, Spin-polarized DFT calculations were 

done and the results show magnetic moment of 0 and almost 

unchanged total energies for both metals. However, it should 

be noted that the current DFT description may give rise to small 

uncertainties in the calculated energetics due to the fact the 

standard DFT cannot take into account of the magnetic entropy 

contribution24. The magnetic moment of Cr is 0. Vanadium, as 

well as the diamond and graphite carbon structures have no 

magnetic ordering25, so magnetism was not considered in the 

computations. Gamma-centered k-point grids were used in all 

calculations. The tetrahedron method with Blöchl corrections 

was used for energy calculations, and the first-order 

Methfessel-Paxton smearing is used for structure optimization. 

The convergence criteria for energies in electronic self-

consistent-loop and forces in the ionic relaxation loop were set 

to 1E-5 eV/atom and 0.01 eV/Å, respectively. 

The formation enthalpy of the M-C binary system and the 

formation enthalpy of hydrogen in carbides are calculated per 

Equations (1) and (2). 
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where
x yM CE ,  

ME and 
CE  are the total energy of metal carbide, 

the energy per metal atom in equilibrium state and the energy 
per carbon atom, respectively. The terms x and y represent the 
number of metal atoms and the number of carbon atoms, 

respectively. Additionally, 
x y nM C HE  is the total energy of 

hydrogen atom absorbed in metal carbides, 
2HE is the total 

energy of hydrogen molecule, and n is the number of hydrogen 
atoms. 

To explain the trends found in the hydrogen absorption 

energy in various metal carbides, Bader atomic volumes and 

charges26-29 were used, as well as Density Derived Electrostatic 

and Chemical (DDEC6) net atomic charge and bond orders30, 31. 

The Bader charge is a measure of the charge transfer, while the 

Bader volume is an indication of how closely the charge 

associated with each atom is localized around the nucleus. The 

covalent nature is indicated by the DDEC6 bond order, with a 

higher value showing a stronger covalent bond. The sum of 

bond orders for each atom, i.e. its total bond order, is an 

indication of the activity of the atom in that particular 

configuration. The ionic contribution of a bond can be 

characterized by net atomic charge, which quantifies the charge 

transfer between atoms32. Lastly, charge density differences 

were used to analyze the charge transfer in carbide formation, 

as described by Equation (3), 

 
AB A B    = − −  (3) 

where 
AB  is the charge density of the system, and 

A , 
B  are 

the charge densities of the components in isolation, 

respectively.  

3 Results and discussion 

3.1 The stability of carbides in metal-carbon binary systems 
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Previous experimental measurement using TEM16 shows that 

the most abundant carbides in 2.25Cr1Mo0.25V are MC, M2C, 

M7C3 and M23C6. The formation enthalpies are calculated for the 

most typical metal carbides including those of chromium in the 

forms of Cr23C6(Fm-3m), Cr7C3(Pnma), Cr7C3(P63mc), CrC(Fm-

3m), molybdenum in the forms of Mo2C(Pbcn), MoC(P6m2), 

MoC(Fm-3m) and vanadium in the forms of V2C(P63/mmc), 

V2C(Pbcn), V3C2(R-3m), V4C3(Fm-3m), V6C5(P3112), V8C7(P4132) 

and VC(Fm-3m). The calculated energies are shown in Figure 1. 

Two carbon structures are used to calculate the formation 

enthalpy in Figure 1, for two stable forms of carbon: graphite 

(P63/mmc) and diamond (Fd-3m). We chose diamond as a 

reference for carbon33.   

As shown in Figure 1, the majority of the carbides are 

energetically favourable (with negative formation energies) 

including Cr23C6(Fm-3m), Cr7C3(P63mc), Cr7C3(Pnma), 

Mo2C(Pbcn), MoC(P6m2) and all vanadium carbides. Comparing 

all compositions for each type of metal carbides, Cr7C3(Pnma), 

Mo2C(Pbcn) and V6C5(P3112) are the most stable structures for 

their respective metals. The lattice structure for each system is 

shown in Figure 2. 

In addition to metal carbides, carbon atom may also exist in 

solute state in metal lattice. Cr, Mo and V all have crystal 

structure of body centred cubic (bcc) and two kinds of 

interstitial site can be found, i.e. octahedral site(o-site) and 

tetrahedral site(t-site). The calculated formation enthalpies of 

one carbon atom in the interstitial site show t-site is more stable 

than o-site. The value of formation enthalpies of one carbon 

atom in Cr, Mo, V unit cells are 1.72 eV, 1.60 eV and 0.91 eV, 

respectively. The very large positive formation energies can be 

understood by analyzing the lattice structures of iron matrix. 

The lattice constant of bcc-Fe is 2.84 Å, the radiuses of two 

interstitial sites, o-site and t-site, are 0.190 Å and 0.358 Å, 

respectively. Compared with atomic radius of Cr, Mo, V and C 

(shown in Table 4), the interstitial site of bcc-Fe is too small to 

accommodate carbon atoms. This means that carbon atom 

cannot be stabilized in metal lattice. Compared with the 

negative formation enthalpy of metal carbides shown in Figure 

1, it is clear that the formation of metal carbides is much more 

favorable than the formation of solute state of carbon atom in 

metal. 

3.2 Hydrogen absorption in metal carbides 

After establishing the most stable compositions of the metal 

carbides (Cr7C3, Mo2C and V6C5 as shown in Figure 2), the 

hydrogen absorption in these structures was investigated. In 

order to compare hydrogen absorption ability in the lowest-

energy carbide, simple unit cells of Cr7C3, V6C5, and a 2×2×1 

supercell Mo2C structures were used. These cells are chosen to 

Figure 1 Formation enthalpies of MxCy (M = Cr, Mo, V) binary system. The most stable 

compositions for each systems are marked with arrows.

Figure 2 Simple unit cell of three most stable metal carbides. Blue, purple, red and brown spheres represent Cr, Mo, V and C atoms, 

respectively. Pnma, Pbcn and P3112 in the brackets are their space group.

Figure 3 The formation enthalpies of interstitial hydrogen in metal carbides with 

different hydrogen concentrations.
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have the hydrogen concentrations in the carbides at similar 

levels while keeping the computational load manageable.  

In Cr7C3, there are two kinds of t-site. One is hydrogen atom 

in 4c site, and another one is 8d site. The energy of 8d site is 

0.25 eV, which is higher than that of the former one. In Mo2C, 

the o-site and t-site are possible for a hydrogen atom, with the 

energy at the t-site 0.48 eV lower than that of the o-site. In V6C5, 

there is just one kind of t-site. Table 1 lists the lowest formation 

enthalpies of hydrogen in interstitial site of each carbide. It can 

be observed that although the hydrogen concentration in V6C5 

is the highest in all the calculated structures, the formation 

enthalpy of hydrogen is the lowest, and V6C5 has the only 

negative value. These formation enthalpies are affected by the 

presence of compressive or tensile strain, which may be 

imposed on the carbide structures by the surrounding Fe 

matrix. The changes are discussed briefly in the supplementary 

material. 

This result shows that vanadium carbide has better 

hydrogen absorption ability than chromium carbide and 

molybdenum carbide. Considering the effect of hydrogen 

concentration on hydrogen formation enthalpy, Figure 3 shows 

that the interstitial hydride formation enthalpies of Cr7C3 and 

Mo2C increase with hydrogen concentration, while that of V6C5 

falls slightly. When the hydrogen concentration is lower than 

3%, the formation enthalpies have no changes. Based on these 

results, we conclude that hydrogen concentration affects the 

hydride formation enthalpy, but it does not change the 

hydrogen absorption performance of the different carbides 

relative to one another. Vanadium carbide remains the best 

hydrogen absorber at all the calculated concentrations. 

To understand the underlying reason for the differences in 

absorption energy of hydrogen in the three carbides, the 

volume, net atomic charge (NAC) and bond order of the 

hydrogen atom in Cr7C3, Mo2C and V6C5 were calculated. The 

results are listed in Table 1. The void volume in the t-site of V6C5 

is 1.7 times larger than that of the o-site in Mo2C, and 1.9 times 

larger than that of t-site in Cr7C3, indicating that more space is 

available for a hydrogen atom in V6C5. From the net atomic 

charge (NAC), it is apparent that the metal atoms gain charge 

while carbon and hydrogen atoms lose charge. It can be 

observed that V in (V6C5)3H gains more charge than Cr in 

(Cr7C3)4H and Mo in (Mo2C)16H, while C and H atoms in (V6C5)3H 

lose more charge compared with that in (Cr7C3)4H and 

(Mo2C)16H. Specifically, the H atom in vanadium carbides loses 

double the amount of charge compared to the other two 

carbides. The bond order analysis shows a slight decrease in the 

covalent bonding of the V-H compared with that of Mo and Cr, 

while all the bond orders of C-H are very small. The latter is 

ascribed to the fact that the interstitial sites are surrounded by 

metal atoms, so the C-H interaction is relatively small. Indeed, 

the distance between a C atom and an H atom in chromium 

carbide, molybdenum carbide and vanadium carbide is about 

2.5 Å, 2.5 Å, and 3 Å, respectively. The distance is too big to form 

strong covalent bonds. The ionic bond therefore plays a more 

important role than that of the covalent in the hydrogen 

absorption of metal carbides. The strong ionic bonding of V-C 

and C-H in (V6C5)3H explains the absorption of hydrogen in V6C5 

being the most favourable among the metal carbides 

investigated here. 

3.3 Other vanadium carbides 

As discussed above, V6C5 is the most stable vanadium carbide 

and it has the strongest hydrogen absorption ability among all 

three metal carbides. However, previous experimental studies 

have clearly identified VC as the most abundant species in 

2.25Cr1Mo0.25V steel15, 16.  Takahashi35 analyzed the atomic 

ratio of V and C in vanadium carbide and pointed out that the 

chemical composition of vanadium carbide is V4C3, which has 

the same structure as NaCl, but with a carbon vacancy. In our 

DFT calculations, the V4C3 lattice structure is formed by 

removing a C atom from a VC unit cell. Most previous studies36, 

37 focused on the mechanical properties of the vanadium 

carbides, and did not extensively discuss the stability of the 

alloys. Chong et al.38 summarized the formation enthalpies of V-

C binary compounds, and found that the most stable phase is 

V6C5. These results are consistent with our calculations. As 

shown in Figure 1, although VC is a stable structure, its 

formation energy is -0.48 eV, which is higher than that of V6C5. 

Therefore, further analysis of the stability of vanadium carbides 

is needed. 

The structure of VC is NaCl type with lattice constant a = 4.16 

Å. Each unit contains 4 vanadium atoms and 4 carbon atoms. 

Vanadium atoms fill in 4a sites and carbon atoms fill in 4c sites. 

By removing one carbon from a VC unit cell, V4C3 can be 

obtained, maintaining a cubic rock-salt type structure but with 

a slightly smaller lattice constant of a = 4.12 Å. Figure 4 shows 

2×2×2 supercell structures of V4C3 in three possible 

configurations including one regular (Figure 4(b)) and two 

irregular (Figure 4(c) and Figure 4(d)) structures. The irregular 

structures have the vacancies distributed in a disordered, 

asymmetrical manner throughout the cell. The regular V4C3 

structure in Figure 4(b) was obtained by removing one carbon 

atom in a VC unit cell. For comparison, the formation energy of 

V4C3 is 0.08 eV and 0.21 eV higher than that of VC and V6C5, 

respectively. In fact, it is the highest among all vanadium 

Table  1 The formation enthalpies of hydrogen in Cr7C3(Pnma), Mo2C(Pbcn) and V6C5(P3112). 

 CH 

[%] 

H atom position ΔEH 

[eV] 

H atom volume 

[Å3] 

Net atomic charge Bond order 

M C H M-H C-H 

(Cr7C3)4H 2.4 t-site 0.50 3.21 0.51 -1.01 -0.23 0.31 0.02 

(Mo2C)16H 2.0 o-site 0.15 3.67 0.48 -0.86 -0.20 0.22 0.02 

(V6C5)3H 2.9 t-site -0.13 6.09 1.31 -1.44 -0.48 0.17 0.03 
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Note: CH is the hydrogen concentration in each bulk cell. Net atomic charge is the average charge of metal or carbon atoms close to the hydrogen atoms. Bond order is 

calculated between the metal or carbon atoms and hydrogen atoms.

Table  2 The formation enthalpies of different vacancies arrangement of V4C3 structures. 

Weighting Amount ΔEf[eV] Weighting Amount ΔEf[eV] Weighting Amount ΔEf[eV] 

4 1 -0.39 - 96 23 -0.58 -0.58 512 2 -0.55 -0.53 

12 2 -0.49 -0.44 128 4 -0.56 -0.56 768 1559 -0.56 -0.56 

24 2 -0.53 -0.50 192 99 -0.57 -0.57 1536 5958 -0.57 -0.56 

32 2 -0.56 -0.57 256 4 -0.54 -0.49     

48 9 -0.57 -0.46 384 378 -0.57 -0.55     

carbides (as discussed at Section 3.1). 

For irregular structures, there are 32 vanadium atoms and 

24 carbon atoms in each structure. V4C3 is created by removing 

one carbon atom from VC (V4C4) structure. Thus in 2×2×2 

supercell VC structure, 8 carbon atoms should be removed to 

create V4C3 lattice. This means that there are 8

32C  possible V4C3 

structures. In addition, 8043 possible structures can be 

obtained with the stoichiometry of V4C3. All structures can be 

classified in 13 categories by the weighting value. The weighting 

value represents the number of same structures, and the 

amount represents the number of the same weighting. Two out 

of each category were chosen, and the formation energies were 

calculated, which are listed in Table 2. The structures with 

uniformly distributed carbon vacancies have the highest energy 

(-0.39 eV, Figure 4(b)). However, the formation energy of the 

other nine structures of V4C3 is close to that of V6C5 (0.03 or 0.04 

eV higher than that of V6C5 (-0.61 eV)), which implies that most 

V4C3 structures are nearly as stable as V6C5. The irregular V4C3 

structures (see Figure 4(c) and (d) for two example) show 

irregular arrangements of carbon vacancies, where carbon 

vacancies were created randomly in the lattice of VC. This could 

explain why V4C3 is not easily detected from VC using 

experimental characterizations, such as TEM and EDS14, 15. 

Figure 4 (a) is NaCl structures of VC, (b)-(d) are three possible V4C3 structures with different distribution of carbon 

vacancies. (b) is for ordered carbon vacancies, (c) and (d) are for disordered carbon vacancies. Red and brown spheres 

are vanadium and carbon atoms respectively. (a1-d1) and (a2-d2) are images of second order difference in charge density 

from side views, respectively. The isosurface of electron density in the yellow region is -0.02 e/Å3, which stands for the 

electron accumulation. The isosurface of charge density in the cyan region is 0.02 e/Å3, which stands for charge depletion. 
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The formation enthalpy of V4C3 decreases from Figure 4 (b) 

to (d), at -0.39 eV, -0.49 eV, -0.58 eV, respectively. The electron 

density difference analysis was performed to understand such 

trends found in energies. In all structures, we generally observe 

electron density accumulation around the carbon atom, and we 

see that vanadium atoms accumulate electron density in the 

region between them and carbon atoms in the same plane but 

deplete charge in the region between them and carbon atoms 

in neighbouring planes. Figure 4(a) shows that the electron 

density difference in VC distributed regularly. In Figure 4(b), the 

charge around carbon atoms accumulates only in the direction 

from carbon atoms to vacancies. There is more electron density 

accumulating between carbon and vanadium atoms in Figure 

4(c) and (d) because of greater irregularity in the distribution of 

vacancies from Figure 4(b) to (d). However, the loss of electron 

density around vanadium atom is similar in these structures, 

which indicates that the vacancies could change the electron 

density distribution around carbon atoms. The NAC of VC is 1.48 

for vanadium atom and -1.48 for carbon atom. However, in 

V4C3, i.e. Figure 4(d), there are two kinds of vanadium atoms: 

one whose neighbour has just one vacancy, with NAC 1.15; and 

another whose neighbour has two vacancies (the vanadium 

atom in the middle site), with NAC 0.91. For the carbon atom, 

there are three kinds of charge distribution: with two small 

lobes (the second atom in the first row of Figure 4(d1)), NAC is 

-1.47; with two large lobes (the third atom in the second row of 

Figure 4(d1)), NAC is -1.36; and with four lobes, net atomic 

charge is -1.29. These results suggest that the ionic effect 

becomes weaker, while the covalent bond should be stronger, 

and these have been verified by bond order results. To 

conclude, covalent bonds between carbon and vanadium atoms 

can be enhanced when the irregularity of vacancy arrangement 

increases. This is why most V4C3 structures are more stable than 

that of VC structures. 

3.5 The formation of metal carbide hydrides 

In order to understand the influence of the distribution of 

vacancies, the formation enthalpies of hydrogen in the above 

one regular and two irregular V4C3 structures (Figure 4(b)-(d)) 

were calculated. For better comparison of the effect of the type 

of metal atoms in metal carbides on their hydrogen absorption 

ability, the formation enthalpies of hydrogen in Cr4C3 and Mo4C3 

were also calculated. All results are summarized in Figure 5. 

According to Bravo et al.39, considering entropy at 300 K, the 

vibration entropy of V4C3 is 0.0145 eV and configurational 

entropy of hydrogen atom in V4C3 is 0.0096 eV, respectively. 

These values are much smaller than the formation enthalpies of 

hydrogen. Therefore, entropy is not explicitly considered here. 

The formation enthalpies of M4C3 decrease from the M4C3_a 

to the M4C3_c structure, with the vacancy arrangement 

becoming more disordered, and the formation enthalpies of 

hydrogen increasing. The bond order of carbon-hydrogen and 

total NAC of hydrogen are similar in three structures, which are 

0.02 and -0.51, respectively. The bond order of hydrogen-

vanadium is 0.23 in M4C3_a structure. However, in M4C3_b and 

M4C3_c, the bond order of vanadium-hydrogen becomes more 

complicated due to the irregular arranged of vacancies and the 

difference in the number of vanadium atoms around hydrogen 

atoms. The irregular distributed vacancies also affect the charge 

distribution around vanadium and carbon atoms. Similar results 

are also shown in hydrogen-chromium and hydrogen-

molybdenum in Cr4C3 and Mo4C3 structures. This means that the 

metal atom plays a significant role in hydrogen absorption 

performance. 

In the V4C3 unit cell, the concentration of hydrogen is 12.5% 

and the hydrogen formation enthalpy is -0.80 eV, while one 

hydrogen atom occupies carbon vacancy, as shown in Figure 5. 

At the meantime, in V6C5 simple cell, even though all interstitial 

sites are occupied by hydrogen atoms, the concentration of 

hydrogen is 8.3%, and hydrogen formation enthalpy is -0.31 eV, 

as shown in Figure 3. This value is higher than in V6C5, as shown 

in Table 1 (2.9%). Based on the above results, with the hydrogen 

concentration in V4C3 higher than in V6C5, but the formation 

enthalpy of hydrogen lower than in V6C5, we conclude that V4C3 

has better hydrogen absorption ability than V6C5. 

To give a clear explanation of hydrogen absorption ability of 

carbides, the formation enthalpies of Cr4C3H，Mo4C3H and 

V4C3H with the same lattice structure are calculated. The lattice 

constants of Cr4C3H, Mo4C3H and V4C3H are 4.064 Å, 4.365 Å and 

4.1608 Å, respectively. The results of NAC and bond order 

calculations are displayed in Table 3. As shown in Table 3, the 

void radii are similar in Cr4C3 and V4C3 structures; however, they 

are smaller than in the Mo4C3 structure. This is because 

chromium and vanadium are elements in the fourth period, 

whereas the molybdenum is in the next period and the same 

group as chromium. When hydrogen atoms are absorbed in the 

metal carbide, metal atoms lose electrons, while carbon and 

hydrogen atoms gain electrons. Furthermore, the NACs in the 

three metal carbides are different. However, the bond orders of 

metal-hydrogen interaction are very close, which indicates that 

the ionic bond plays a predominant role in the hydrogen 

absorption ability for metal carbides. In comparison with 

molybdenum and chromium carbides in the steels, the  

Figure 5 The formation enthalpies of hydrogen in M4C3H system. The labels in the 

horizontal axis match with that in Figure 4.
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Table 3 The void radius, net atomic charge and bond order of H atom in M4C3H system. 

 H atom void radius 

[Å] 

Net atomic charge Bond order 

M C H M-H C-H 

Cr4C3H 0.74 0.91 -1.25 -0.42 0.22 0.02 

Mo4C3H 0.78 0.72 -1.07 -0.33 0.24 0.01 

V4C3H 0.73 1.05 -1.41 -0.52 0.23 0.02 

Note: Net atomic charge is the average charge of metal or carbon atoms close to 

the hydrogen atoms. Bond order is calculated between the metal or carbon atoms 

and hydrogen atoms. 

Table 4 The atomic radius35 and Pauling electronegativity40 of H, V, Cr, Mo and C 

elements. 

Period       Group 

IA VB VIB IVA 

1 H2.20
37     

2    C2.55
77  

4  V1.63
135  Cr1.66

129   

5   Mo2.16
140   

Note: The superscript is atomic radius, the unit is pm; the subscript is Pauling 

electronegativity. 

vanadium carbides form the most stable hydrides under 

hydrogen environment. 

The above analysis also agrees well with the elements’ 

Pauling electronegativity. Due to the fact that carbon and 

hydrogen atoms have higher electronegativity than Cr, Mo and 

V atoms, electron pairs will shift towards the C and H atom in 

carbide. Therefore, the NAC of C and H atoms shows negative 

and the net atomic charge of metal atoms exhibits positive. 

When comparing the electronegativity among Cr, Mo and V 

atoms, the vanadium shows the lowest value. Therefore, the 

strength of ionic bonds between V atoms and H, C atoms is 

strong, much higher than that between C atoms and Cr, Mo 

atoms. 

4 Conclusions 

In this study, the hydrogen absorption ability of metal carbides 

in 2.25Cr1Mo and 2.25Cr1Mo0.25V steel were investigated via 

DFT calculations. Among all possible compositions, Cr7C3, Mo2C 

and V6C5 were predicted to be the most stable carbides for each 

of the metal species. A comparison of the formation enthalpies 

of the three metal carbide hydrides shows that V6C5 has the 

strongest hydrogen absorption ability. Another stable vanadium 

carbide, V4C3, was also investigated and compared with that of 

V6C5. The DFT results show that the stability of V4C3 is very close 

to that of V6C5. In a word, vanadium carbides show better 

hydrogen absorption performance than that of chromium 

carbides and molybdenum carbides. Further charge and 

bonding analyses reveal that the hydrogen absorption ability of 

metal carbides is determined by the strength of the ionic bonds 

in the systems. Such ionic bonds are strongly correlated with the 

electronegativity of the metals. Among all the metals (Cr, Mo 

and V), the lowest electronegativity of the V atom undoubtedly 

results in the strongest ionic bonds forming in vanadium carbide 

hydrides, leading to stronger hydrogen absorption ability than 

that of chromium and molybdenum carbides. The highly-

favourable formation of vanadium carbide hydrides has 

important implications for the improvement of hydrogen 

resistance of 2.25Cr1Mo0.25V steel. Having established such 

thermodynamic factors, future work will be performed to 

investigate the kinetics of hydrogen diffusion in the different 

metal carbides, as well as the effects of defects and 

imperfections on the behaviour of hydrogen in the steel. 

While the current study focuses on the thermodynamics of 

hydrogen in metal carbides, future work focusing on the kinetics 

of hydrogen diffusion would shed light on the overall impact of 

hydrogen in these systems. Further study of the behavior of 

hydrogen in iron matrix and its comparison within those metal 

carbides can lead to a comprehensive understanding of the 

mechanisms of hydrogen induced damage in steel. 
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Table S 1 Basic calculation parameters and per atom energy of metal-carbon systems. 

 Space group Lattice parameters [Å] Ecut [eV] K-mesh EM [eV] ΔEf [eV] 

C(diamond) Fd-3m 2.53×2.53×2.53 500 8×8×8 -9.09  

C(graphite) P63/mmc 2.47×2.47×7.91 500 8×8×2 -9.22  

Cr Im-3m 2.85×2.85×2.85 500 8×8×8 -9.51  

Mo Im-3m 3.16×3.16×3.16 400 10×10×10 -10.92  

V Im-3m 3.00×3.00×3.00 500 10×10×10 -8.96  

Cr23C6 Fm-3m 10.54×10.54×10.54 700 2×2×2  -0.09 

Cr7C3 Pnma 4.50×6.88×12.09 700 5×3×2  -0.16 

Cr7C3 P63mc 13.87×13.87×4.49 700 2×2×10  -0.12 

CrC Fm-3m 4.06×4.06×4.06 450 8×8×8  0.17 

Mo2C Pbcn 4.74×6.06×5.22 800 12×12×12  -0.15 

MoC P6m2 2.92×2.92×2.82 800 9×9×9  -0.13 

MoC Fm-3m 4.37×4.37×4.37 500 8×8×8  0.16 

V2C P63/mmc 2.89×2.89×4.53 450 10×10×5  -0.46 

V2C Pbcn 4.55×5.73×5.04 450 8×8×8  -0.48 

V3C2 R-3m 2.92×2.92×27.80 450 8×8×1  -0.41 

V4C3 Fm-3m 4.12×4.12×4.12 500 8×8×8  -0.34 

V6C5 P3112 5.10×5.10×14.36 500 10×10×2  -0.55 

V8C7 P4132 8.34×8.34×8.34 500 6×6×6  -0.53 

VC Fm-3m 4.16×4.16×4.16 500 8×8×8  -0.41 
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Table S 2 The formation enthalpies and hydrogen formation enthalpies of metal carbides in the original, compressed and tense lattices. 

Stress 
△Ef [eV] △EH [eV] 

Cr7C3 Mo2C V6C5 (Cr7C3)4H (Mo2C)16 H (V6C5)3H 

Origin -0.163 -0.150 -0.548 0.496 0.146 -0.131 

Compressed 0.161 0.160 -0.350 1.314 0.602 -0.041 

Tense 0.061 0.060 -0.412 -0.091 -0.131 -0.081 

Above we report the results of calculations to study the effect 

of strain on metal carbide hydrogen absorption, in Table S2. The 

original structure is the relaxed lattice structure, the 

compressed structure has a lattice constant 95% of the original, 

and the tensile structure is extended to 105%. It can be 

observed that the strain raises the formation enthalpy for the 

carbides; both compression and tension change the formation 

enthalpy of Cr7C3 and Mo2C from negative to positive, while that 

of V6C5 remains negative, albeit higher. 

The hydride formation enthalpies of all three metal carbides 

increase in the compressed state, with V6C5 hydride maintaining 

a (slightly) negative formation energy. Cr7C3 and Mo2C hydride 

formation energies decrease to negative values in tense state. 

Notably the case for V6C5 is the opposite, although the 

formation energy remains negative despite its rise. The 

conclusion is that compressive strain will decrease both the 

stability and the hydrogen absorption ability of the metal 

carbides, while tensile strain will decrease the stability of metal 

carbides, but increase hydrogen absorption ability of the metal 

carbides in the alloy, with the exception of vanadium carbide. 


